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Abstract: 
Yttria – partially stabilised zirconia (YPSZ) MoSi2 composites have been designed to prolong 
the lifetime of the matrix by self – healing cracks during thermal cycling. The healing reaction 
at high temperatures is based on the decomposition of MoSi2, leading to a volumetrically 
expanding reaction product, which seals the crack. In this work, coefficient of thermal 
expansion (CTE) and the fracture toughness of composites containing MoSi2 particles, 
produced by spark plasma sintering (SPS) have been compared to conventional YPSZ. The 
CTE mismatch between YPSZ and MoSi2 was found to be small, implying that thermally 
induced mismatch stresses will be small and composites have a similar CTE to conventional 
YPSZ. Fracture toughness was found not to be affected by particles and showed similar 
values to unreinforced YPSZ. Cracks introduced by indentation have been shown neither to 
prefer, or avoid, the particles suggesting that such a composite system is capable of 
autonomously activating the self – healing reaction. 
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1. Introduction 
Thermal barrier coatings (TBCs) are applied onto the blades and other thermo – mechanically 
loaded components in aircraft and industrial gas turbine engines to lower the operating 
temperature of the load bearing part of the component and thereby extending the lifetime of the 
engine. The coatings generally consist of well – bonded thermally non – conductive yttria – 
partially stabilised zirconia (YPSZ) layers deposited onto the metallic components by 
atmospheric plasma spraying (APS) or electron beam physical vapour deposition (EB – PVD). 
The thermal mismatch between the layers comprising the thermal barrier and the growth of 
thermally grown oxide (TGO) layer separating the base blade material and the deposited TBC 
layer, lead to the generation of stresses in the ceramic coating resulting in the initiation of micro 
– cracks. These micro – cracks subsequently grow and coalesce, leading to the failure of the 
coating by delamination [1-4]. To counteract this, molybdenum disilicide (MoSi2) particles 
covered with a thin oxygen impermeable alumina shell have been embedded into YPSZ – based 
TBCs to provide a crack healing mechanism [5].  The healing mechanism is based on the 
oxidative decomposition of the particle once intersected by the crack and the reaction product 
filling and resealing the crack. The alumina shell is there to prevent premature particle 
decomposition due to oxygen transport through the uncracked porous YPSZ matrix. [6, 7]. 
However, the presence of MoSi2 particles could affect important mechanical and thermal 
properties of the TBC. It has been reported that MoSi2 has a relatively low strength and fracture 
toughness below its brittle – to – ductile transition temperature (~1000° C). Therefore, it is 
important to understand the effect of embedded MoSi2 particles on the mechanical performance 
of YPSZ – MoSi2 composites. MoSi2 also has a higher elastic modulus (approximately 400 
GPa) and lower hardness (approximately 8 – 9 GPa) [8-11] than yttria – stabilised zirconia 
(~200 and 12 – 15 GPa, respectively) [12, 13]. The potentially negative effect of the presence 
of the MoSi2 particles on the thermal conductivity of TBC composite has been reported 
elsewhere [14] and was found to be acceptable up to MoSi2 volume fraction of 10 %.   
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The very thin alumina shell surrounding the particle is unlikely to influence the macroscopical 
and thermo – mechanical properties significantly, but the integrity of the shell is crucial to its 
protective function. Maintaining this integrity during conventional TBC deposition via 
atmospheric plasma spraying is very hard and requires special process adjustments [15]. Hence, 
in the present work we focus on freestanding YPSZ material containing different volume 
fractions of MoSi2 particles manufactured by a spark plasma sintering (SPS) method. The 
healing particles in this work have been enriched with aluminium and boron (Al and B contents 
were approx. 2 wt. %). The Al doping is to lead to the autonomous formation of an alumina 
shell when the material is heated to a high temperature in an oxygen containing environment as 
shown in [6]. The co-doping with B is to increase the fluidity of the SiO2 facilitating crack 
healing at larger volumes [16, 17].  
The aim of this work is to investigate the influence of embedding MoSi2 particles on the thermo 
– mechanical properties of the YPSZ and to test the potential self – healing ability of the 
material. Since the effect of porosity in APS TBCs on mechanical properties has been 
extensively studied and explained elsewhere [18-20] it has not been studied here. Based on the 
research reported here and on the results of parallel studies on crack healing modelling and 
thermal properties of the material [14, 21] future research to find an optimal combination of the 
MoSi2 volume fraction and particle morphology to achieve a significant lifetime improvement, 
while keeping the reduction in mechanical and thermal properties to a low level, will be 
accelerated.  
2. Experimental 
2.1 Materials fabrication 
Disc shaped YPSZ samples with embedded MoSi2 based particles were prepared by spark 
plasma sintering (SPS). The powder mixtures were produced by mixing yttria – partially 
stabilized zirconia containing 7 wt. % Y2O3 (YSZ Amperit 872, H.C. Starck, D50 of 45 µm) and 
molybdenum disilicide (MoSi2, 99.5 % purity, ChemPur GmbH, D50 of 19 µm) for 24 h using 
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a Turbula – type powder blender. The volume fraction of MoSi2 particles was varied between 
5 and 20 vol. %. Four types of MoSi2 particles were used: 1) technically pure MoSi2 particles, 
2) MoSi2 particles containing 2 wt. % Al, 3) MoSi2 particles containing 2 wt. % B and 4) MoSi2 
particles containing 2 wt. % Al and 2 wt. % B. Prior to sintering, the YPSZ powder was 
downsized from 40 ± 0.7 µm to 7 ± 0.3 µm using a Retsch PM 100 planetary ball miller. 
Zirconia balls of 10 mm diameter were used as grinding media. The ball to powder mass ratio 
was kept to 3:1. The rotor speed was 300 rpm and the milling time was 24 h.  
The final particle size distributions of YPSZ and the four types of MoSi2 particles were 
determined using a Malvern Master Sizer X laser diffraction instrument (Malvern Instruments 
Ltd., Worcestershire, UK). Prior to the measurements, the particles were ultrasonicated in water 
for 20 min. Table 1 shows average particle sizes determined for four types of MoSi2 particles.   
The composite materials were sintered using a Dr. Sinter SPS-2080 equipment (SPS Syntex 
Inc., Kanagawa, Japan) available at the Plateforme Nationale CNRS de Frittage Flash (PNF2 – 
CNRS) located at Université Toulouse III Paul Sabatier (UT3). The powder mixtures were 
placed in an 80 mm diameter holder lined with a 0.200 mm thick graphite foil and mounted into 
the SPS equipment. SPS sintering was performed under vacuum (< 10 Pa) with a fixed heating 
rate of 50° C/min up to 1500° C and an isothermal hold of 60 min under a constant uni – axial 
pressure of 40 MPa applied from the beginning of the sintering cycle. A standard procedure of 
12:2 (on/off 3.3 ms) pulse sequence for the DC current was chosen for the sintering process. 
The regulation temperature of the SPS furnace was measured using an optical pyrometer 
focused on a small hole (3 mm in depth) located at the external surface of the graphite die. The 
sintering resulted in disc shaped samples 80 mm diameter and about 12 mm in thickness.   
Table 1: Area fraction calculated of self – healing composites based on the image analysis. 
Sample nominal 
composition 
5 vol. % 10 vol. % 15 vol.% 20 vol. % 
YPSZ + MoSi2 5.2 ± 0.5 9.1 ± 0.5 16.0 ± 0.3 23.9 ± 0.6 
YPSZ + MoSi2Al 4.9 ± 0.5 11.9 ± 0.3 16.6 ± 1.3 19.3 ± 2.2 
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YPSZ + MoSi2B 4.6 ± 1.0 10.7 ± 0.7 17.0 ± 1.9 19.3 ± 0.8 
YPSZ + MoSi2AlB 4.6 ± 0.8 8.6 ± 0.8 14.1 ± 0.4 26.2 ± 0.9 
 
2.2 Microstructural characterisation 
The microstructure of the samples was investigated by scanning electron microscopy (FEG – 
SEM, Quanta 650) using a backscatter electron (BSE) detector and light optical microscopy 
(LOM). Energy dispersive X – ray spectroscopy (EDX, Oxford Instruments) was used to 
determine the elemental composition of the material. The MoSi2 particle volume fractions of 
the embedded particles were evaluated by computerised image analysis using Avizo 9.2 
software. The phase composition was obtained by X – ray diffraction (XRD, Philips X'Pert). 
Sintered samples were scanned from 20 to 85 2θ° with 0.02 step size under Cu Kα radiation. 
2.3 Materials testing 
The coefficient of linear thermal expansion (CTE) of the as – prepared composite samples was 
measured between room temperature and 1200° C at 2.5° C/min using a thermo – mechanical 
analyser (Setsys Evolution 16118 – Setaram). This brings a linear transducer into contact with 
the surface of the sample during heating and cooling under argon atmosphere for two 
consecutive thermal cycles. A thermocouple, positioned close to the sample was used to 
monitor the temperature. The average diameters and thicknesses of the cylindrical shaped 
specimens used for CTE measurements were 8 mm and 5 mm, respectively. To prevent any 
contamination of the equipment by the specimens, two alumina plates with a thickness of 500 
µm were placed on either side of the specimen. A blank was measured with the alumina plates 
only and their contribution to the overall dilatation was subtracted prior to processing of the 
data.  
Indentation fracture resistance values, KIFR, of the YPSZ composite materials were 
determined by macro hardness test equipped with a Vickers indenter. Samples were indented 
under the load of 98 N, a load which was selected after making sure that the extent of diagonal 
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cracks at each indenter corner, c, was at least twice the length of the indent diagonal, a. 
Microstructure characterization techniques have also been used to investigate the propagation 
of mechanically induced cracks. The purpose of this study was to obtain insight into the 
interactions of the crack (crack deflection, crack stopping or interfacial cracking) with the 
healing particles for various volume fractions of healing particles in the composite material. To 
quantify the crack – particle interaction the micrographs were image analysed (IA). The 
counting methodology employed was as follows: when the crack has passed through a particle 
this event contributes ‘1’ to the count; when the crack has only partially entered the particle, 
without passing it throughout, the count is increased by ‘0.5’. The data obtained from IA gave 
an average number of interactions between a crack and the embedded particles as well as the 
average crack length segmented to be filled in between the particles. 
3. Results and discussion 
3.1 Microstructure and phase identification  
Fig. 1 shows the LOM micrographs of the cross – sectioned composite samples. The particles 
are randomly distributed within the YPSZ matrix and vary in shape and size. From the 
micrographs, it seems that samples with the lowest volume percentage of healing particles show 
smaller particles sizes, suggesting less agglomeration of the MoSi2 powder. This, in turn, could 
have the undesired effect of reducing the occurrence of the self – healing mechanism meaning 
that larger cracks could not be healed. XRD patterns of the as – produced samples reveal the 
presence of tetragonal zirconia and tetragonal MoSi2 phases (Fig. 2). Additionally, evidence of 
the Mo5Si3 minor phase was also detected. However, its content is minimal and its contribution 
to the material properties has been neglected. The measured volume fractions for the four 
composite grades are listed in Table 2 and the values correspond well with the target values.  
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Figure 1: Light optical micrographs of YPSZ composite samples produced by SPS containing 
(a) 5, (b) 10, (c) 15 and (d) 20 vol. % of MoSi2 particles. The healing particles appear as the 
white phase, whereas the YPSZ matrix is the grey phase. 
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Figure 2: XRD peak profiles collected the samples containing 0, 10 and 20 vol. % of embedded 
MoSi2 particles. Peaks have been assigned to the different phases identified from the analysis. 
Table 2: Average particle sizes of four types of MoSi2 particles embedded into YPSZ matrix. 
Particle composition Average particle size [μm] 
Pure MoSi2  18 ± 0.3 
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MoSi2 + 2 wt. % Al 12 ± 0.1 
MoSi2 + 2 wt. % B 19 ± 0.3 
MoSi2 + 2 wt. % Al and 2 wt. % B 14 ± 0.9 
 
3.2 Thermal expansion of the particles 
Understanding the thermal expansion behaviour of composite materials is crucial when they 
are used in conjunction with other materials, as is the case in TBC coatings on turbine blades. 
Furthermore, Ceramic Matrix Composites (CMCs) reinforced with isolated particles may 
encounter thermal stresses induced by the inherent thermal mismatch between the matrix and 
the reinforcement [22]. Thus, ideally the thermal mismatch between them should be as small as 
possible to prevent cracking or interfacial delamination under thermal cycling conditions. In 
general, the thermal expansion is quantified by the coefficient of linear expansion (CTE), α(T), 
which is given by:  
∫
𝑑𝐿
𝐿0
= ∫ 𝛼(𝑇)𝑑𝑇
𝑇
𝑇0
𝐿
𝐿0
     (1) 
where T is the temperature, L0 is the length of the sample at room temperature and dL is the 
change in length over a temperature interval dT.  
Fig. 3 a – b show the thermal expansion of the sintered materials in the temperature range of 22 
to 1200° C for a MoSi2 volume fraction of 20 %. Very similar values were obtained for the 
MoSi2 based materials with different alloying elements (Fig. 3 a) indicating that these elements 
do not have a large influence on the thermal expansion. As shown in Fig. 3 b, it is evident that 
the addition of 20 vol. % of MoSi2 only marginally reduced the thermal expansion of the 
composite in comparison with pure YPSZ suggesting they have a similar CTE to the matrix.  
In order to extract the CTE as a function of temperature, the thermal expansion curves were 
approximated as polynomial functions according to: 
    
∆𝐿
𝐿0
= 𝑎𝑇3 + 𝑏𝑇2 + 𝑐𝑇 + 𝑑                           (2) 
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where a, b, c and d are experimental constants, T is the temperature in K, L0 is the length at 
room temperature and ΔL=L-L0 is the thermal expansion for an increment of temperature ΔT=T-
T0 (T0=22° C).  
For all fits to the experimental curve, a correlation coefficient greater than 0.9999 was obtained. 
The coefficient of linear thermal expansion (CTE) was then calculated by differentiating Eq. 
(2) with respect to T: 
   𝛼(𝑇) =
1
𝐿0
.
𝑑𝐿
𝑑𝑇
= 3𝑎𝑇2 + 2𝑏𝑇 + 𝑐                  (3) 
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Figure 3: Thermal expansion of the (a) MoSi2 based materials, (b) yttria – partially stabilized 
zirconia and YPSZ embedded with 20 vol. % MoSi2. 
Fig. 4 a – b shows the dependence of the CTE values for the four MoSi2 variants and the MoSi2 
particles reinforced YPSZ matrix composites, respectively, as a function of temperature. The 
CTE values of pure MoSi2 and the alloyed MoSi2 materials are in good agreement for 
temperatures greater than 400° C, which might be attributed to the presence of additional 
Mo5Si3, MoB or hexagonal MoSi2 when alloying B or Al to MoSi2 (Fig. 4 a). One can see that 
the CTE values for YPSZ and the MoSi2 particles reinforced YPSZ matrix composite are close 
to one another and higher than pure MoSi2 (Fig. 4 b).  
A simple rule of mixtures (RoM) was used to predict the thermal dilation of particles reinforced 
composites (Fig. 4b). In this model, it is assessed that expansion of both materials is 
unhampered as if they were in series. One can observe that the experimental CTE values are in 
good agreement with the ones calculated with the rule of mixtures. Because the difference in 
CTE between particles and matrix is relatively small, more sophisticated models, such as 
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Kerner’s, Turner’s or Schapery’s [23-25] give similar results and therefore, are not plotted in 
Fig. 4 b. The small difference in CTE between particles and matrix mean that only low level 
internal thermal mismatch stress will be generated between the matrix (tension) and particles 
(compression) on cooling from the sintering temperature. 
Consistent with this, no visible cracks were observed after sintering due to thermal stresses 
induced by a mismatch between the CTE values of MoSi2 and YPSZ, which is in agreement 
with other studies [26, 27]. The low CTE mismatch also implies that the presence of MoSi2 
particles as such is unlikely to generate cracks in the thermal barrier coating as it is thermally 
cycled, provided the TBC coating itself does not have weak planes such as splats. Furthermore, 
the composite TBC will have a similar mismatch to the underlying Ni-based substrate as 
conventional unreinforced TBCs. 
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Figure 4: Coefficients of thermal expansion of the MoSi2 based materials (a), yttria – partially 
stabilized zirconia and YPSZ/MoSi2 composite (b), based on the sample length at room 
temperature. 
3.3 Mechanical properties  
Indentation fracture resistance of the composite materials was determined using micro – 
hardness test with a Vickers indenter. The values were calculated according to ASTM F2094 
standard and are plotted in Fig. 5. Morrell [28] has pointed out that to correctly measure the 
fracture toughness of ceramic materials several experimental criteria must be met. These criteria 
involve experimental reproducibility, reliability of the test, monotonic introduction of a sharp 
crack, a known stress as a result of the application of external load and minimal uncertainties 
in the calibration equations. These criteria are met by standard bending test methods, such as 
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single edge notched bends (SENB), but not so much in the case of indentation testing. 
Measuring fracture toughness by indentation, therefore has met some criticism in the literature 
over the years, showing that it is not a reproducible method that gives straightforward 
information about the crack geometry. It has been pointed out that the residual stress factor is 
not constant for different materials and can decay with time. Moreover, the indentation plastic 
zone acts as a compressed spring, such that the force reduces with crack extension. As a result, 
empirical calibration constant varies for different materials and constitute the weak point of 
equations [29].  Additionally, models rely on examining surface cracks omitting whole network 
of three-dimensional cracks that interact which each other. Cracks generated by indentation are 
not controlled cracks, there is not a general cracking sequence, and therefore plastic damage 
zones do not always form in accordance to a model. Finally, measuring the crack tip is 
subjective, the results can vary between different labs, and ever microscopes used, which again 
reduces the reliability of the method for calculating absolute fracture toughness of materials 
[30].  In line with the above arguments, we state that the fracture toughness as measured by 
indentation cracking (KIFR) tends to overestimate the ‘true’ fracture toughness for ceramic 
materials as determined in SENB testing [29]. Consequently, the indentation fracture resistance 
calculations presented here are used to rank the samples based on fracture resistance to Vickers 
indentation under applied load of 98 N rather than to provide absolute fracture toughness values. 
Indentation fracture resistance, IFR,  was calculated based on the measured lengths of diagonal 
cracks occurring in each direction from the indenter corners fitted into the equation proposed 
by Niihira [31, 32].  Fig. 5 shows average values of a minimum of five indents. The highest 
values of IFR across the whole range of samples has been calculated for samples containing B 
additions.  The sample containing MoSi2AlB shows a gradual increase in average IFR values 
from 3.9 to 4.6 MPa∙m1/2 with decreasing volumetric percentage of the dopant. The 
YPSZ+MoSi2Al sample have an average IFR of 3.9 MPa∙m1/2 across all doping concentrations 
showing the least variation between different volume fractions of healing particles. Samples 
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containing MoSi2 show rather similar values of fracture resistance for different dopant 
concentration varying from 3.3 (15 vol. %) up to 4.4 MPa∙m1/2 (5 vol. %). Larger variations in 
IFR for samples containing 15 vol. % of MoSi2 and sample containing 20 vol. % MoSi2B were 
observed. It is not exactly clear why samples containing the same fraction of embedded particles 
show relatively large error bars between average KIFR values. In general, embedded particles 
are more likely to influence the toughness via their interface properties than their inherent 
toughness, unless the cracks go through the particles preferentially. Indentation fracture 
resistance calculated for pure MoSi2 and pure YPSZ produced by SPS are 8.4 and 5.1 MPa∙m1/2, 
respectively. Crack – particle interactions are discussed further in the next chapter. 
All the IFR values are scattered about 3.3 – 5.6 MPa∙m1/2, which is in a typical range of fracture 
toughness values reported for ceramic materials [33, 34]. Since the differences in KIFR values 
are relatively small for the different systems it can be concluded that the addition of Al and B 
to self – healing particles do not have a detrimental effect on the fracture mechanics of the 
composite material. 
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Figure 5: Average indentation fracture resistance values calculated using Niihira’s equation, as 
described in ASTM F – 2094 standard, under applied loads of 98 N. Fracture toughness plotted 
as a function of healing particles composition. 
3.4 Crack – particle interactions study 
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The trajectories of the indentation induced surface cracks have been investigated to find out 
whether there is a correlation between the path of the crack and the type and amount of healing 
particles. This, in turn, could help identifying an ideal content of healing particles in the self – 
healing TBC material, choosing the concentration that promotes crack passing through the 
particle, which is the key requirement and starting point of the healing mechanism.  
Fig. 6 shows an example of the intersect of the radial indentation induced cracks with the surface 
in a sample containing 5 – 20 vol. % MoSi2. Images have been captured by SEM using BSE 
detector to obtain a better image resolution. Cracks passing through the particles are frequently 
observed while cracks passing along a particle – interface are less frequent (unless that is 
geometrically the most likely propagation path). Similar observations have been made for the 
other healing particles, MoSi2Al, MoSi2B and MoSi2AlB. Due to the texture of the YPSZ matrix 
appearing with an uneven contrast under the BSE detector it can be challenging to determine 
all the particles within the matrix, and in turn, establishing if crack is passing through the 
particle. As a result, cracked areas were also characterised by EDS to examine crack – particle 
interactions.  
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Figure 6: SEM images of crack propagating through bulk composite SPS samples: (a – b) 5, (c 
– d) 10, (e – f) 15 and (g – h) 20 vol. % of MoSi2. Insets show magnified areas where cracks 
pass through the particles. 
Fig. 7 shows an example of an EDS map collected from the sample surface in the inset in Fig. 
6 a, showing a crack passing through a relatively large and well – defined particle. The map 
confirms that the magnified area contains a particle made of Mo and Si surrounded by a Zr – 
rich matrix. It is evident that on average the cracks tend to pass through particles that lie on the 
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crack trajectory generally being neither attracted towards, or deflected from, the particles. As 
is to be expected, the number of particle interactions per mm of crack length increases with the 
volume fraction of embedded particles, as will be analysed in more detail below. Although 
cracks such as those reordered in Fig. 6 do not reveal the crack – particle interaction in the bulk 
(i.e. below the surface) we assume that the surface features are sufficiently representative for 
the bulk behaviour. In order to quantify the crack – particle interactions the overall lengths of 
cracks have been calculated based on IA and the total number of interactions between cracks 
and particles has been counted. The average crack lengths (developed under applied load in this 
study) for samples with various volume fraction and chemistry of healing particles (i.e. MoSi2, 
MoSi2Al, MoSi2B and MoSi2AlB) are as follows: 107 μm (± 22); 110 μm (± 18); 123 μm (± 
16) and 122 μm (± 20) for 5, 10, 15 and 20 vol.% MoSi2, respectively. Numbers in brackets 
represent standard deviations indicating an insignificant difference between cracks lengths 
across different volume fractions of the particles analysed here. The outcome of the IA of the 
composite materials as a function of volume fraction of the particulates is plotted in Fig. 8. It 
shows the average number of intersects per crack (intersects here represent crack – particle 
intersections, which were accounted as “1” if a crack passed through the particle and “0.5” if 
through particle – matrix interface) as a function of volume fraction of healing particles. As one 
would expect, there is a clear increase in number of particles that interact with a single crack 
with an increase of volumetric percentage of healing particles embedded in the YPSZ matrix. 
As the fraction of the particles increases the segmental crack length (i.e. the average length of 
the crack between two intersected particles along the crack) decreases. The most significant 
drop in segmental crack length as a function of the embedded particle fraction is seen between 
5 and 10 vol. % of embedded particulate. From this, it can be concluded that the minimal 
volume fraction of healing particles should be over 5 %. 
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Figure 7: SEM combined with EDS mapping showing crack passing through the healing 
particle in composite sample embedded with 5 vol. % of MoSi2. BSE image (a), EDS map (b). 
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Figure 8: Quantified crack – particle incidents as a function of volumetric percentage of healing 
particles with different chemical compositions embedded in YPSZ matrix. 
There is no obvious correlation between calculated indentation fracture resistance and 
the number of interactions between generated cracks and embedded particles for samples 
containing different volume fraction of particles and their chemical composition. However, if 
we look at the number of occurrences in which crack is passing through particle or along the 
particle – matrix interface some differences could be distinguished between the composites 
containing particles of different chemical composition. Table 3 shows cracks passing through 
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particle – to – interface ratio for samples characterised in this work. It is clear that preferential 
crack pathway through the particle is most evident in samples containing MoSi2B particles, i.e. 
suggesting that the interface is rather strong in comparison to the particle – matrix interface. 
This MoSi2B containing sample showed the highest indentation fracture resistance values 
across all volume fractions of particles embedded in YPSZ matrix. This may suggest that 
increased values may be attributed to influence of the MoSi2 particles, which have been 
measured to have higher indentation fracture resistance than YPSZ matrix. The remaining 
samples shows either no preferential crack pathways, i.e. equal number of occurrences in which 
crack passes through particle or at particle grain boundaries (sample embedded with MoSi2AlB) 
or cracks tend to go through the particle – matrix interface (samples embedded with MoSi2 or 
MoSi2Al).  
Table 3: Ratio of crack – particle to crack – interface preferable path in samples containing 
different volume fraction of embedded particles of various chemical composition. 
Volume fraction of 
embedded particles 
Particle – to – interface ratio 
MoSi2 MoSi2Al MoSi2B MoSi2AlB 
5 1:2 1:2 1.5:1 1:1 
10 1:1.7 1:1.7 1.5:1 1:1 
15 1:1.3 1:1 1.5:1 1:1.5 
20 1:1 1:1.5 1.5:1 1:1 
 
4. Conclusions 
Thermo – mechanical analysis has shown that there is little thermal expansion mismatch 
between the YPSZ matrix and the pure and alloyed MoSi2 particles. This is important because 
it will prevent the particles cracking on thermal cycling and means the CTE of the composite 
containing up to 20 vol. % of MoSi2 particles is similar to that of a conventional YPSZ TBC. 
Consequently, the inclusion of MoSi2 particles will not result in an increased thermal mismatch 
between the ceramic top coating and the Ni – based superalloys.  
Indentation fracture resistance values of the composite materials are close to that obtained from 
pure YPSZ almost irrespective of the type of MoSi2 particle and the loading fraction. This 
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suggests that the addition of self – healing particles does not significantly improve, nor reduce, 
the mechanical properties of the TBCs over the studied range. There is a weak indication that 
IFR values tend to be higher in samples that show crack partway passing through larger number 
of particles.   
Unsurprisingly, crack – particle interactions are more evident in composites containing higher 
volumes of particulates, and this reduces the segmental crack length to be healed by an 
individual particle. Overall, the crack path was to be found to be not affected by the presence 
of the particles and to remain more or less planar. Minor differences in relative fraction of 
cracks passing through the particle or along the particle interface were observed for composites 
containing B alloyed MoSi2 particles. The crack – particle interaction studies suggest that for 
the SPS produced composite materials studied here, at least 5 vol. % particles should be present 
to enable effective high temperature healing.   
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